The Drosophila Bone Morphogenetic Protein encoded by decapentaplegic (dpp) controls ventral head morphogenesis by expression in the head primordia, eye-antennal imaginal discs. These are epithelial sacs made of two layers: columnar disc proper cells and squamous cells of the peripodial epithelium. dpp expression related to head formation occurs in the peripodial epithelium; cis-regulatory mutations disrupting this expression display defects in sensory vibrissae, rostral membrane, gena, and maxillary palps. Here we document that disruption of this dpp expression causes apoptosis in peripodial cells and underlying disc proper cells. We further show that peripodial Dpp acts directly on the disc proper, indicating that Dpp must cross the disc lumen to act. We demonstrate that palp
Introduction
Bone Morphogenetic Proteins (BMPs) are critical participants in patterning, growth control, and morphogenesis during animal development. They are processed, secreted proteins that signal by binding to transmembrane serine-threonine kinases. Many of the component proteins involved in regulating receipt and transmission of the BMP signal have been elucidated (RAMEL AND HILL 2012) . However, how BMPs disperse from their sources to the cells bearing their receptors remains an active area of study.
The major Drosophila BMP, decapentaplegic (dpp), is employed repeatedly during embryonic and larval fly development for both short range (PANGANIBAN et al. 1990; CHEN et al. 2011 ) and long range (ENTCHEV et al. 2000; TELEMAN AND COHEN 2000; SHIMMI et al. 2005) signaling. dpp is required for the correct formation of all adult epidermal structures derived from imaginal discs. These are epithelial sac-like structures that contain a columnar epithelium called the disc proper (DP) and a squamous epithelium called the peripodial membrane or peripodial epithelium (PE), separated by a lumen. The eye and adult head capsule, including sensory structures such as the antennae and maxillary palps, derive from the eye-antennal disc. Fate maps of the eye-antennal disc locate the majority of head structures as arising from the more abundant DP cells (OUWENEEL 1970; SPREY AND OLDENHAVE 1974; HAYNIE AND BRYANT 1986) , although more recent data indicates that cells from the PE likely contribute to adult structures (BESSA AND CASARES 2005; MCCLURE AND SCHUBIGER 2005; LEE et al. 2007) .
Dpp plays multiple roles in the eyeantennal disc. For example, dpp is required for the formation of the retina, through expression associated with the morphogenetic furrow of the eye DP. It is also required for antennal formation, through expression associated with the antennal DP. An additional site of dpp expression resides in the PE on the lateral side of the eye-antennal disc. This expression is driven by an enhancer element in the 5' shortvein (shv) cis-regulatory region of the dpp gene and overlies the mapped primordia of ventral head structures that reside in the DP (Fig.  1A , B)(SPREY AND OLDENHAVE 1974; HAYNIE AND BRYANT 1986; STULTZ et al. 2006) . Mutations that disrupt this enhancer produce flies with defects in ventral head structures, including sensory vibrissae, rostral membrane, and maxillary palps (STULTZ et al. 2005) . By analysis of these dpp head capsule (dpp s-hc ) mutants, we have previously shown that peripodially produced Dpp affects both the PE and DP. Increased expression of the cell death marker, activated caspase 3, is observed in both layers, but known signaling targets such as brinker and daughters against dpp are disrupted solely in the PE (STULTZ et al. 2006) . These data suggest that this single source of Dpp acts on the two layers of the eye-antennal disc targets by different mechanisms: one short range, autocrine mechanism of PE to PE signaling, and one longer range, paracrine mechanism of PE to DP signaling.
The c-Jun N-terminal Kinase (JNK) pathway is a conserved intracellular kinase cascade that transduces signals from the cell surface to the nucleus, to control a variety of cellular functions including cell migration, morphogenesis, and apoptosis (STRONACH 2005; IGAKI 2009 ). In Drosophila, the terminal transcription factor, AP1, is formed by Jun related antigen (Jra) and the fly homolog of Fos, kayak (kay). basket (bsk) is the single JNK protein. It is a substrate for a single JNK kinase (JNKK), hemipterous (hep). Several upstream kinases (JNKKK) can activate Hep, including slipper (slpr). A variety of activators act in a context specific manner to trigger the JNK pathway, including members of the intracellular Rho GTPase family (Rho 1, Rac, and Cdc42) and the extracellular Tumor Necrosis Factor (TNF) ortholog, encoded in Drosophila by the eiger gene.
Discontinuities in Dpp signaling are known to result in JNK activation and subsequent apoptosis both in normal developmental processes that sculpt appendages (MANJON et al. 2007) and as a quality control mechanism to remove cells with aberrant signaling, through the processes of morphogenetic apoptosis (ADACHI-YAMADA et al. 1999 ; ADACHI-YAMADA AND O'CONNOR 2002) or cell competition (MORENO et al. 2002) . These and other studies (BURKE AND BASLER 1996a; BURKE AND BASLER 1996b) have suggested a role for Dpp as a survival factor, although whether this is a direct effect on the JNK pathway or through secondary effects on cytoskeletal organization ( Here we show that disruption of a single peripodial source of Dpp in the eye-antennal disc causes apoptotic cell death in both the peripodial layer and the underlying disc proper. Our data indicate that the communication between the peripodial source of Dpp and the disc proper is direct, and not through a secondary signal, suggesting that Dpp must traverse the disc lumen to support cell viability. We are able to mechanistically separate the mutant phenotypes associated with dpp s-hc mutations into two classes. The first class comprises defects of the ventral sensory vibrissae, rostral membrane, and gena tissue. These defects correlate with cell death in the DP. In addition, they are enhanced by loss of JNK activity in peripodial cells, suggesting that peripodial Dpp requires JNK to act on the DP. In contrast, maxillary palp defects form a separable second class. We demonstrate that the maxillary palps defects seen in dpp s-hc mutants are attributable to excessive JNK signaling triggered by loss of Dpp in the peripodial layer, and maxillary palp loss is suppressed by reduction of this ectopic JNK activity. Thus we propose that peripodial JNK signaling plays opposing roles in BMP-mediated ventral head morphogenesis: a positive role to facilitate Dpp 4 signaling to the DP supporting cell viability necessary for the formation of sensory vibrissae and associated tissues, and a negative role associated with overexpression in the PE, resulting in cell death and loss of maxillary palps.
Materials and Methods

Genetics
Flies were maintained on standard media, and genetic crosses were performed at 25°C unless otherwise specified. All genetic crosses were done in duplicate, and percentages represent the mean of replicates. To test for the statistical significance of repression and enhancement experiments, the Fisher's exact test or the Freeman-Halton test for tables larger than 2X2 were used, and the two-tailed p-value was calculated. For Gal4 expression, in most cases we used the dpp s-hc -Gal4 driver described previously (STULTZ et al. 2006) , which expresses specifically in lateral peripodial cells of the eye-antennal disc. In some experiments we used the eyeless-Gal4 (ey-Gal4) driver, which expresses in the peripodial epithelium. This was necessary as dpp transcription from the hc enhancer is itself a target of Dpp signal transduction through autoregulation (STULTZ et al. 2006) , and reduces the driver's strength in strong Dpp mutant backgrounds.
Generation of genetic mosaics
Homozygous mutant somatic clones were generated in third instar eye-antennal imaginal discs by the FLP/FRT technique (XU AND RUBIN 1993) . Homozygous mutant somatic clones for tkv were created using eyFLP/+; P{neoFRT} 40A P{Ubi-GFP}/P {neoFRT} 40A tkv 8 .
Drosophila strains
The following Drosophila strains were used: dpp hr4 , dpp hr56 , dpp hr92 (WHARTON et al. 1996) 
Photography of fly heads
Whole adult flies were frozen at -20 o C. Heads from thawed flies were removed with forceps, and mounted on slides with doublesided tape. Pictures were taken on a Leica Z06 macroscope equipped with a Leica DFC420 digital camera and Leica LAS software suite with Montage. For images of pupal heads, heads were dissected in PBS 27 hours after formation of white pre-pupae and photographed on a Zeiss epifluorescent microscope.
Histochemical and immunohistochemical detection
Histochemical and immunohistochemical detection was done as previously described (STULTZ et al. 2006) . The following antibodies were used: mouse anti-β-galactosidase 40-1a (Developmental Studies Hybridoma Bank) at 1:25, rabbit anti-cleavedCaspase-3 antibody (BD Biosciences) at 1:200. Donkey secondary antibodies conjugated to Alexa Fluors (Molecular Probes), or Fluorescein (Jackson Immunoresearch) were used at 1:500. Discs were counterstained with DAPI (40,6-diamidino-2-phenylindole) at 1:500 (diluted from 4 mg/ml stock). Imaginal discs analyzed for histochemical detection were mounted in Aquamount (Gurr) and examined using DIC with a Nikon E800 microscope. Fluorescently labeled discs were mounted in Vectashield (Vector Laboratories) and examined with a Zeiss LSM 710 confocal microscope. hin-r mutations have been put into an allelic series based on the severity of their effects on the early embryonic dorsal-ventral polarity defect of dpp (WHARTON et al. 1993 ). When dpp s-hc mutations were crossed to these dpp hin-r alleles, the penetrance of all observed head capsule defects rose with increasing severity of the allele (Table  1 ). This suggested that the head defect is sensitive to the level of Dpp signaling.
Results
The
The strongest head capsule (hc) mutant phenotypes are seen in heterozygous combinations with Df(2L)DTD2, P20, a chromosome that contains both a large deletion removing the entire dpp gene (Df(2L)DTD2), and a rescue construct (P20) that replaces the embryonic functions of dpp and all enhancers contained in the 5ʹ shv cis-regulatory region (STULTZ et al. 2005) . When Df(2L)DTD2, P20 was crossed to recessive mutations in other known members of the Dpp signaling pathway, such as thickveins (tkv), and saxophone (sax), the Drosophila BMP type I receptors, schnurri (shn) a Dpp-induced repressor protein, and glass-bottom boat (gbb), the Drosophila ortholog of BMP 5/6/7, head capsule mutant phenotypes were observed (Table 2) . Thus Df(2L)DTD2, P20 acted as a sensitized background; in concert with a secondary mutation in the Dpp pathway, it reduced BMP signaling so that the mutant head capsule phenotype was revealed with low but consistent penetrance. These dominant, secondsite interactions further support the suggestion that the defects associated with disruption of the head capsule enhancer are highly sensitive to signaling activity within the Dpp pathway. Furthermore, strong knock down of the Dpp receptor tkv via RNAi in the lateral peripodial epithelium (PE) using a dpp s-hc -Gal4 driver, which contains the hc enhancer and expresses solely in that region (STULTZ et al. 2006) , produced highly penetrant hc defects (Table 2) . However, as dominant interactions produced relatively low penetrance of head capsule defects (14-45%), it was difficult to separately quantitate the two aspects (vibrissae and palp defects) of head capsule mutant phenotypes in these crosses.
Our initial hypothesis was that the mutant phenotypes associated with dpp s-hc mutations appeared in an allelic series reflecting decreasing signaling, with mildly reduced Dpp signaling associated with poorly penetrant, asymmetrical vibrissae defects, and strongly reduced Dpp signaling associated with fully penetrant, symmetrical vibrissae and palp defects. We will use the term "vibrissae defect" to describe disruption of ventral sensory vibrissae as well as gena and rostral membrane tissue, and "palp defect" to indicate reduction, or loss of maxillary palps. We analyzed an allelic series of flies:
Tg46.1 (strong) ( Fig. 1C-H ). While we saw increasing penetrance, and more symmetrical defects with increasing mutation severity, in some genetic combinations, the relationship between the range of mutant phenotypes and penetrance was less clear. For example, dpp s11 homozygotes had fully penetrant, fully symmetrical vibrissae defects, but normal palps (Fig. 1C, F) , while the fully penetrant Df(2L)DTD2, P20/dpp s-hc1 , produced a spectrum of defects ( Fig. 1C, H) . We wished to further explore the mechanism by which these defects arose. The nature of these defects is reminiscent of tissue disruptions caused by cell death, but we wished to determine whether the actual mechanism was apoptosis.
Apoptotic cell death is associated with dpp head capsule defects.
We have shown previously that in third instar eye-antennal discs from dpp s-hc mutant larvae, increased cell death is observed as indicated by the presence of cleaved caspase-3. The majority of this cell death resides in the DP layer, where basal extrusion of pycnotic nuclei is also observed (STULTZ et al. 2006) . To test whether this represented true apoptosis, we looked for genetic interactions with genes involved in apoptosis using the sensitized background described above. Thread (th) encodes the Drosophila inhibitor of apoptosis (Diap). Loss-of-function th alleles act dominantly to enhance cell death caused by apoptosis inducing genes (HAY et al. 1995) .
Accordingly, a single copy of th 1 in trans to Df(2L)DTD2, P20 produced highly penetrant head capsule mutations with both vibrissae and palp defects (Table 2) .
When we removed one copy each of the three Drosophila apoptosis genes reaper, hid, and grim by the deletion H99 (WHITE et al. 1994) ), we observed a slight increase in flies displaying either asymmetrical vibrissae defects, or appearing wild type (data not shown), however this possible weak suppression of the vibrissae defect did not reach statistical significance, so we next expressed the baculovirus inhibitor of apoptosis, P35, within the lateral peripodial domain using the dpp s-hcGal4 driver in dpp TgR46.1 /dpp s-hc1 flies, and observed strong, statistically significant suppression of the vibrissae defect (Fig. 2) . This effect was also seen in stronger genetic backgrounds. Expression of dpp RNAi with a weak dpp s-hc -Gal4 driver produced fully penetrant vibrissae defects. Co-expression of P35 in this background also produced statistically significant suppression of the vibrissae defect (Fig. 2) . A similar result was obtained expressing the Drosophila anti-apoptotic gene diap using the ubiquitous 69B-Gal4 driver in a moderate genotype, Df(2L)DTD2, P20/dpp s-hc1 (data not shown). Taken together, these experiments provide strong evidence that the defects observed in dpp s-hc mutations are the result of apoptosis.
The requirement of peripodial Dpp for cell viability in disc proper is direct, and not through a secondary signal.
Peripodial Dpp expression (using dpp s-hc -Gal4) rescues the dpp s-hc mutant phenotype (STULTZ et al. 2006) (Fig. 3) . However, a question remained as to whether the contribution of peripodial Dpp to cell viability in the DP was direct, or through an indirect process involving a secondary signal. To address this, we expressed a constitutively active Dpp receptor, Tkv QD using dpp s-hc -Gal4 /dpp s-hc1 (mild)(n = 168), dpp s11 /dpp s11 (mild/moderate)( n = 100), Df(2L)DTD2, P20/dpp s-hc1 (moderate)(n = 76), Df(2L)DTD2, P20/dpp Tg46.1 (strong)(n = 20) at 25 o C. Symbols indicate: wtnormal head; v -vibrissae defects including reduction in eye size, rostral membrane and gena tissues (2v = symmetric, 1v = asymmetric); p -maxillary palp loss (1p = loss of one palp, 0p = loss of both palps). Adult fly heads from wild type (D) and dpp s-hc mutations: (E) dpp in the same moderate dpp s-hc mutant background (Df(2L)DTD2, P20/dpp s-hc1 ) as our original rescue experiment. We reasoned that the activated Tkv QD receptor would restore BMP signal transduction cell-autonomously within peripodial cells, but mutant PE cells would not be able to secrete Dpp, thus testing the requirement for secreted Dpp to communicate with DP cells. We found that constitutively activated Tkv was unable to rescue the mutant phenotype (Fig. 3) , demonstrating that the peripodial source of Dpp is required in cells beyond the lateral peripodial domain that expresses it, and that the effect of peripodial Dpp expression on the DP is direct, and not through a secondary signal. This indicates that Dpp provided by the PE is directly required to support viability in the DP. /dpp s-hc1 produces asymmetrical and symmetrical vibrissae defects (n = 157). This phenotype can be suppressed by the provision of P35 driven by dpp shc -Gal4(w) at 29ºC (n = 118). Significance (P = 5.3 X 10 -14 ) is indicated by *. dpp RNAi driven by dpp s-hc -Gal4(s) at 25ºC produces a high percentage of asymmetrical and symmetrical vibrissae defects (n = 54), but the simultaneous provision of P35 produces rescue of this phenotype (n = 28). Significance (P = 4.8 X 10 -11 ) is indicated by **.
The JNK signaling pathway interacts with dpp in head capsule morphogenesis
How does peripodial-derived Dpp influence cell viability in the DP? To look for genes/pathways that act with dpp in ventral head development, we carried out a dominant enhancer screen using the sensitized background of the Df(2L)DTD2, P20 chromosome (D.A.H., unpublished). In this dominant enhancer screen, we uncovered the connector of kinase to AP-1 (cka) gene (CHEN et al. 2002) , a component of the C-Jun-kinase (JNK) pathway. More than one allele of this gene was found to interact with the tester chromosome (Table 3) , implicating JNK as a participant in dpp-mediated head morphogenesis. To further investigate the connection of JNK signaling in BMP-mediated ventral head morphogenesis, we examined other members of the JNK pathway for dominant interactions. We observed genetic interactions of low but consistent penetrance of flies displaying the vibrissae defect with several members of the JNK pathway. Vibrissae defects were observed with multiple alleles of basket (bsk), the sole JNK in Drosophila, as well as Jra, the Drosophila homolog of c-Jun, one of the terminal transcription factors in the JNK pathway (Table 3) . These dominant interactions suggested interplay between the level of Dpp signaling and the level of JNK activity. We tested this by activating or repressing JNK activity in a genetic background that produced strong vibrissae defects. This background, an RNAi construct for dpp expressed in the lateral PE using a strong dpp s-hc -Gal4 driver, displayed almost full penetrance of vibrissae defects. When either Hemipterous (Hep)(JNKK) or Bsk (JNK) were simultaneously co-expressed under UAS control, statistically significant rescue was seen of the vibrissae defects observed in this genotype (Fig. 4A) ; neither Hep nor Bsk alone displayed mutant phenotypes when expressed using the dpp s-hc -Gal4 driver (Note that palp Constitutively activated receptor protein (tkv QD ) was expressed in the lateral peripodial region with dpp s-hcGal4(w) at 29ºC in a Df(2L)DTD2, P20/dpp s-hc1 mutant background. UAS-dpp was expressed in parallel, as a positive control. dpp s-hc -Gal4>Dpp rescued all aspects of the head capsule mutant phenotype (both vibrissae and palp, which were not scored separately in this experiment) almost completely (98% rescue)(n = 216), while dpp s-hcGal4>tkv QD failed to rescue head capsule mutant phenotypes (n = 99). defects were also seen in this genetic background, and the effect on JNK signaling on palp defects will be discussed below). These data suggest that reduction in peripodial JNK signaling in concert with reduction in peripodial Dpp signaling compromises ventral head development, including the formation of the vibrissae.
To further reinforce this point, when we reduced JNK signaling in the lateral PE in a wild type background with normal amounts of peripodial BMP, we observed vibrissae defects identical to those observed in dpp s-hc (Fig. 4B ). Dominant-negative Bsk protein (WEBER et al. 2000) expressed in the lateral PE in wild type flies caused a low level of vibrissae defects. Addition of further negative regulators of the JNK pathway enhanced this effect. We used the dominant-negative forms of Rho1 (an upstream regulator of JNK signaling (IGAKI 2009)) and Dfos (the Drosophila homolog of c-fos, one of the terminal transcription factors in the JNK pathway), an RNAi construct for slipper (slpr)(JNKKK), or Puckered. puckered (puc) is mitogen-activated protein kinase (MAPK) phosphatase whose target is Bsk. puc acts as a negative regulator of JNK pathway activity (MARTIN-BLANCO et al. 1998) . All of them produced flies with strongly penetrant vibrissae defects in concert with dominant-negative Bsk protein (Fig. 4B) . These data indicate a positive role for JNK signaling in the development of vibrissae and ventral head structures mediated by peripodial Dpp.
Loss of dpp in the lateral peripodial epithelium induces JNK activity in this domain.
The JNK pathway is associated with the induction of apoptotic cell death brought on by cell stress or inappropriate cell signaling (ADACHI-YAMADA AND O'CONNOR 2002). To test whether JNK activity was associated with the apoptosis we observed in dpp s-hc mutants, we examined eye-antennal discs from these mutants for JNK pathway activation. As puc is a transcriptional target of JNK signaling, a β-galactosidase enhancer trap in the puc gene, puc E69 -lacZ, was used to monitor JNK pathway activity in Drosophila. We examined the expression of puc-lacZ in the strongest dpp s-hc background, Df(2L)DTD2, P20/dpp TgR46.1 . We observed significant JNK activity on the lateral side of third instar eye-antennal discs in a dpp s-hc mutant but not wild type flies (Fig. 5A, B) . This is when the PE expression of Dpp associated with the head capsule enhancer arises; suggesting that loss of dpp expression resulted in increased JNK activity. We have previously shown increased activated caspase 3 expression in both the DP and PE of third instar discs in dpp s-hc mutants as compared to wild type discs (STULTZ et al. 2006) . We wished to see where the increased JNK activity occurred as compared to these areas of cell death. The major puc-lacZ expression was observed in the lateral PE in the domain of peripodial dpp expression; however, some JNK expression was seen in areas of cell death within the DP (Fig. 5C ). We noted there was not a one-to-one relationship between cell death, as measured by activated caspase-3 expression, and JNK activity, as measured by puc-lacZ expression, in either the DP or in the PE dpp hc domain (compare red and green channels in Fig. 5C ). Very little apoptosis was seen in the region of JNK activity in the lateral PE. In the DP, JNK activity did not overlap most of the observed caspase-3-positive expression, and was only observed in areas where large aggregations of apoptotic cells were seen. The same result was observed using the TUNEL assay to measure cell death (data not shown). This suggested the role of JNK in s-hc mutants might differ from that previously observed, where loss of Dpp signaling leads to increased JNK activity and immediate induction of apoptotic cell death (ADACHI-YAMADA et al. 1999; MORENO et al. 2002) .
Induction of the JNK pathway in the peripodial epithelium of dpp s-hc mutations is associated with loss of maxillary palps
We next examined puc-lacZ expression in multiple trans-heterozygous backgrounds that generate head capsule mutant phenotypes. We were surprised to observe that induction of puclacZ expression in the PE was observed only in mutant backgrounds which showed loss of maxillary palps, for example Df(2L)DTD2, P20/dpp s-hc1 and Df(2L)DTD2, P20/dpp TgR46.1 (Fig. 6C, D and Fig. 1C) . Induction of the JNK pathway was not observed in mutant backgrounds with only vibrissae defects such as dpp s11 homozygotes ( Fig.  6B ) and dpp TgR46 .1 /dpp s-hc1 (data not shown). Nonetheless, in these latter cases, we detected significant cell death in the DP, indicating that apoptosis in this location was correlated to the vibrissae defect. As observed before, small amounts of JNK signaling were associated with large areas of apoptotic cells in the DP. The correlation between palp loss and peripodial JNK induction was also seen when peripodial Dpp signaling was reduced by other methods, such as strong knockdown of dpp, or labial, an upstream activator of peripodial dpp expression (STULTZ et al. 2012) via RNAi, or overexpression of negative regulators of dpp, such as Daughters against dpp or Brinker (data not shown). These data indicate that palp loss is correlated with aberrant JNK induction in the lateral PE, while the apoptosis observed in the DP is correlated with the vibrissae defect. However, as was seen in Figure 5 , while increased caspase-3 expression was observed in these mutant genotypes, it did not appear to colocalize strongly within the area where JNK activity is seen in the PE. Induction of JNK activity is often seen to precede apoptotic cell death (ADACHI-YAMADA et al. 1999; IGAKI et al. 2002; MORENO et al. 2002; MCEWEN AND PEIFER 2005) , and our genetic interaction data indicated that apoptosis played a role in the palp defect. We asked if the PE might have a different threshold to induce apoptotic cell death than the DP by analyzing markers of JNK induction and apoptosis in both tissue layers. Dpp signaling is required for viability in all cells of the eye-antennal disc (BURKE AND BASLER 1996b), so we created loss of function tkv clones in the PE and DP of discs and monitored puclacZ and markers of apoptosis. In agreement with our observation that disruption of Dpp signaling induces JNK activity, we saw puclacZ expression congruent with all tkv LOF clones in both tissue layers within the eyeantennal disc (Fig. 6E, H) . However, expression of two cell death markers, activated caspase-3 and reaper, was reduced in the PE layer as compared to clones in the DP layer ( Compare  Fig. 6F , G with Fig. 6I, J) . Apoptotic cells are often removed by phagocytic mechanisms, so we asked if this explained the lack of caspase-3 positive cells in the lateral PE. Creating Figure 5 . Loss of dpp expression induces JNK activity. JNK activity is detected by puc E69 -lacZ expression on the lateral side of early, mid, and late third larval instar eye-antennal discs in Df(2L)DTD2, P20/dpp TgR46.1 : puc E69 /+ (B), but not in wild type discs from the same stages (A). Lateral peripodial expression indicated by black arrows. (C) Detection of puc-lacZ expression by anti-β-galactosidase and cell death by an antibody to activated Caspase-3 in the same genotype as in B. Note that puc-lacZ expression does not greatly co-localize with apoptotic cells. Lateral peripodial expression indicated by white arrow. Box indicates some colocalization of puc-lacZ and Caspase-3 expression in the DP. -tkv 8 LOF clones in the DP (E) and PE (H) shows increased JNK activity. puc E69 -lacZ is shown in red and GFP in green in these merged images. The red channel is shown alone in E' and H'. Some expression of puc E69 -lacZ seen outside a clone is wild type peripodial JNK activity as seen on the medial side of third instar discs (see Fig. 5A ). Activated Caspase-3 detected by antibody in GFP -tkv 8 LOF clones in the DP (F) and PE (I) and reaper expression detected via rpr11-lacZ in the DP (G) and PE (J). Antibody to Caspase-3 is shown in magenta, rpr11-lacZ is red, and GFP is green. Both are poorly expressed in PE tkv LOF clones as compared to clones induced in the DP from the same experiment. Magenta and red channels are shown alone in F', I', G', and J'. (K-L) Cell death is observed in the lateral PE when dpp RNAi and the anti-apoptotic gene p35 are co-expressed. (K) Few Caspase-3 positive cells (red) are seen in dpp s-hc -Gal4(s)>dpp RNAi (at 25ºC), (L) while a significant amount of Caspase-3 positive cells are seen in the lateral PE in dpp s-hc -Gal4(s)>dpp RNAi ; P35 (at 25ºC).
"undead cells" by suppressing cell death with p35 allows the apoptotic process to be initiated, but cells do not complete apoptosis, and are not removed by phagocytic mechanisms (HUH et al. 2004; RYOO et al. 2004; MARTIN et al. 2009 ). Very little cell death was seen in the PE when head capsule defects were induced by expression of dpp RNAi using the dpp s-hc -Gal4 driver (Fig. 6K) . Co-expression of dpp RNAi and the anti-apoptotic gene p35 under the same conditions resulted in a significant increase in caspase-3 positive cells in the lateral PE (Fig.  6L) . These data further support the role of apoptotic cell death in palp defects. However, cell death manifests differently in the PE than in the DP, due to different apoptotic thresholds, more rapid removal of apoptotic cells, or both.
JNK activity relates directly to the severity of the palp defect in dpp s-hc mutations.
To confirm the relationship between the loss of maxillary palps and JNK signaling within the PE dpp hc domain, we expressed JNK pathway members under the control of eyeless-Gal4 (ey-Gal4), which expresses in the PE (LEE et al. 2007) , in a moderate dpp s-hc mutant background that displays partially penetrant palp defects. Increasing JNK signaling by peripodial expression of Slpr via an ey-Gal4 driver in a Df(2L)DTD2, P20/dpp s-hc1 mutant background enhanced the palp defect to full penetrance of symmetrical palp loss (Fig. 7A) . In contrast, ectopic expression of the negative regulator, Puc, in this genotype resulted in a significant reduction in the number of flies showing symmetrical palp defects, as compared to the control (Fig. 7A) . We also monitored palp defects in the experiment described in Figure  4A . Expression of dpp RNAi using a medium strength dpp s-hc -Gal4 driver produced flies with highly penetrant palp defects, and increasing JNK signaling by co-expression of Bsk produced a statistically significant enhancement of the palp defect from 78% symmetrical palp defects to 100% symmetrical palp defects (Fig.  7B) . To see if the palp defect could be suppressed by reducing JNK activity, we expressed dpp RNAi using a stronger dpp s-hc -Gal4 driver to produce flies displaying greater than 80% symmetrical palp defects, and co-expressed inhibitors of the JNK pathway. Under these conditions, when dpp RNAi was co-expressed simultaneously with hep RNAi , or Bsk DN , statistically significant amelioration of the symmetrical palp defect was observed, indicating that suppression of JNK signaling in the lateral PE is associated with more normal palp development (Fig. 7C) . These data further support that palp defects are associated with aberrant activation of the JNK pathway in the lateral PE in dpp s-hc mutants. In addition, the opposite effects on the two aspects of the hc phenotype in, even though we used the same genetic conditions (compare Fig. 4A with Fig.  7B ) indicates that JNK signaling contributes to both defects, but in opposite ways: some level of peripodial JNK signaling is necessary for Dpp to contribute to normal ventral vibrissae development, but high levels of peripodial JNK signaling are associated with palp defects. We conclude that BMP-mediated ventral head capsule development is controlled by fine tuning of the level of Dpp signaling and JNK activity in the PE; the JNK pathway has a positive effect on vibrissae development but contributes in a negative way to palp development.
Increase in peripodial JNK activity induces palp loss and apoptosis in flies with normal BMP.
To further investigate the role of peripodial JNK expression in palp loss, we expressed intracellular members of the JNK pathway, Bsk and Slpr, using the dpp s-hc -Gal4 driver. Bsk alone produced no effect, while Slpr alone produced a small amount of palp loss (Fig.  8A) . However, simultaneous expression of Bsk and Slpr caused dramatic symmetrical loss of maxillary palps, with no other observable head defects (Fig. 8A) . The loss of palps induced by expression of both Bsk and Slpr was accompanied by strong expression of puc-lacZ in the lateral PE, and some expression of activated caspase-3 (Fig. 8B) . We also activated JNK signaling in the dpp hc domain using Eiger (Egr), the Drosophila Tumor Necrosis Factor (TNF) homolog, which is an upstream activator of the JNK pathway . Expressing Egr using the dpp s-hc -Gal4 driver strongly induced the JNK pathway and resulted in apoptosis in the lateral PE of the eye-antennal disc (Fig. 8C) . Adult flies that resulted from peripodial Eiger expression displayed fully penetrant symmetrical palp defects, but no other attendant head defects (Fig. 8A, D) . These experiments demonstrate that strong activation of the JNK pathway in the lateral PE domain of the eye-antennal disc causes apoptosis and the complete loss of maxillary palps even in the presence of wild type Dpp signaling. The fate map places the primordia of the maxillary palps within the DP of the paired eye-antennal discs (Fig. 1A) (HAYNIE AND BRYANT 1986) , suggesting that the effect of peripodial JNK activity on palp development is an indirect effect. An indirect role for the PE in palp RNAi driven by the dpp s-hc -Gal4(m) driver at 29ºC produces penetrant palp defects (n = 73). Simultaneously expressing Bsk (n = 38) in this background enhances these palp defects. Significance is indicated by ǂ (P= 0.0011). Note that this is the identical experiment described in Figure 4 , except that the palp defect is being monitored. (C) dpp RNAi driven by dpp s-hc -Gal4(s) at 25ºC produced adult flies with highly penetrant palp loss (n = 80). Simultaneous expression of hep RNAi (n = 69), or Bsk DN (n = 48) in this genotype resulted in partial, statistically significant rescue of the palp defect. Significance is indicated by § (P= 1.5 X 10 -6 ), and § § (P=0.00055), respectively. Slpr, the combined expression of Bsk and Slpr, or Egr driven by dpp s-hc -Gal4(s) at 29ºC. The combined expression of Bsk and Slpr (n = 37), or Egr alone (n =40) caused significant palps loss over that seen in the control (dpp s-hc -Gal4 with no UAS construct)(n = 50). Significance is indicated by * (P=6.5 X 10 -10 ), ** (P=4.5 X 10 -29 ), and *** (P=4.9 X 10 -41 ). Third instar eye-antennal discs from dpp s-hc -Gal4(s)>Bsk:Slpr at 29ºC (B) and dpp s-hc -Gal4(s)>Eiger at 29ºC (C) showed lateral PE expression of puc-lacZ (red) and antibody to activated Caspase-3 (green). (D) An adult head from dpp s-hc -Gal4(s)>Eiger at 29ºC with no maxillary palps. Arrowheads indicate the position of missing palps (see Fig. 1D ).
development is further supported by the expression of the dpp hc enhancer during the pupal stage. We examined expression of GFP driven by the hc enhancer at 27 hours after the formation of white prepupae (Fig. 9A) . The enhancer continues to drive expression in a line that comprises the edge where the structures formed by eye-antennal discs connect with the derivatives of the clypeo-labral and labial discs (Fig. 9B) . However, little or no expression from the enhancer is visible within the maxillary palps. These data suggest that the contribution of the PE observed here to maxillary palp development may be inductive in nature.
Discussion
Our analyses indicate that a single source of BMP controlled by the dpp head capsule enhancer directs adult ventral head morphogenesis through effects both on the peripodial epithelium that secretes it and on the underlying disc proper, where fate maps locate the primordium of the majority of head structures disrupted in dpp s-hc mutants (Fig. 1A, B, and Fig. 9C ). We previously showed that the peripodial expression of several known transcriptional targets of dpp: daughters against dpp (dad), brinker (brk), and autoregulated dpp expression driven by the dpp hc enhancer itself, are disrupted in dpp s-hc mutants (STULTZ et al. 2006) , showing that Dpp functions through canonical BMP targets in the PE layer. In contrast, DP expression of dad, brk and dpp is not disrupted in dpp s-hc mutants, indicating that PE dpp is not communicating with these targets in the DP. We have previously shown that in the DP, dpp s-hc mutations result in increased cell death, suggesting that Dpp from the PE is necessary to support cell viability in those cells (STULTZ et al. 2006 ). Here we report that this cell death is caused by apoptosis, and is a direct consequence of reduced peripodial-derived Dpp, and not transmitted through a secondary signal. We correlate this increased DP cell death with defects of sensory vibrissae, gena, and rostral membrane tissue, mapping this aspect of the dpp s-hc phenotype to this tissue layer. Loss of peripodial Dpp also causes defects in maxillary palps, but in contrast, this defect appears to arise from increased JNK signaling in the peripodial layer, and may also be associated with the observed disruption of known transcriptional targets of dpp, many of which are patterning genes.
The two aspects of the mutant phenotypes caused by loss of peripodial Dpp may require different levels of expression. Weak dpp s-hc alleles only display vibrissae, gena, and rostral membrane defects, while palp defects are only seen with strong allelic combinations. We previously analyzed dpp s-hc1 , the mildest dpp s-hc mutation, which is a 15 bp deletion in a critical region of the enhancer. In a homozygous condition, it displays only 30% penetrance of both asymmetrical and symmetrical vibrissae defects (STULTZ et al. 2012) . These data, and the allelic series analyzed here suggest that small disruptions in peripodial Dpp signaling strength are sufficient to induce some vibrissae defects, while further, more severe perturbations result in a symmetrical and fully penetrant mutant phenotype in the vibrissae, gena, and rostral membrane. This is in contrast to the behavior of the palp defect, which is observed only in dpp shc mutant backgrounds that display highly penetrant vibrissae defects. This suggests that the palp defect emerges only after a threshold of reduced Dpp signaling is reached, and implies that high levels of peripodial Dpp are needed to support cell viability in the disc proper while lower Dpp levels support formation of maxillary palps. A schematic diagram of this is provided (Fig. 9C) . It is also possible that these defects arise in different temporal windows, as the maxillary palp primordium emerges as an outgrowth of the antennal disc during the early pupal period (JURGENS AND HARTENSTEIN 1993), and expression from the dpp hc enhancer persists from early third instar into the pupal stage.
The relationship we have observed between the Dpp and the JNK signal transduction pathways in dpp s-hc mutations is complex. The level of JNK signaling resident in the lateral peripodial epithelium in wild type eye-antennal discs is not sufficient to trigger expression of the puc-lacZ transgene, yet RNAi constructs that disrupt JNK signaling when expressed in the lateral peripodial epithelium elicit a hc mutant phenotype. Taken together, these observations indicate that JNK pathway members are both expressed, and function in the lateral PE. These data also imply that JNK activity is required for correct ventral head morphogenesis mediated by Dpp. However, in strong dpp s-hc mutant combinations, which we hypothesize compromise Dpp signaling beyond some threshold amount, high JNK activity is seen in the PE, suggesting that a normal role of Dpp expression there is to keep JNK activity in check. High JNK activity is associated with apoptosis in the peripodial layer, and with failure to form normal maxillary palps. However, all fate maps place the primordia of maxillary palps within the disc proper; this suggests that the effect seen here is inductive. The relationship between the level of JNK and Dpp signaling, and the head capsule mutant phenotypes are summarized in Figure 9D . Finally, in the DP, small amounts of JNK activity are associated with large areas of cell death observed in strong dpp s-hc mutant backgrounds that produce highly penetrant vibrissae defects, but the relationship is not entirely cell autonomous as seen by the limited overlap between activated caspase-3 and puclacZ expression in Figures 5 and 6 .
The JNK pathway is a multifunctional signaling pathway, associated with both changes in cell shape and motility occurring during normal development, and also with responses to stress or environmental insult that lead to apoptosis (STRONACH 2005; IGAKI 2009; MARTIN et al. 2009 ; RIOS-BARRERA AND RIESGO-ESCOVAR 2013) . Both roles appear to be used during BMP-mediated head development. The data presented in this work suggests that JNK signaling is required in peripodial cells as part of normal development, in order for the Dpp made in those cells to carry out its function in the disc proper. In mammals, JNK regulates cell adhesion through effects on β-catenin and adherens junctions (LEE et al. 2009; LEE et al. 2011; YOU et al. 2013) . Cell adhesion effects are also associated with JNK in Drosophila, such as its role in dorsal closure and wound healing (BOSCH et al. 2005 ; RIOS-BARRERA AND RIESGO-ESCOVAR 2013) . Correct cell-cell contact and cell polarization may be required for appropriate processing and secretion or other transport of Dpp from the peripodial epithelium. In contrast, the JNK activity seen via puc-lacZ in both the PE and DP in dpp s-hc mutants appears to be part of a stress response. Induction of JNK signaling and apoptosis have been previously observed when Dpp signaling is compromised in Drosophila wing imaginal discs (ADACHI-YAMADA et al. 1999; MORENO et al. 2002; GIBSON AND PERRIMON 2005; SHEN AND DAHMANN 2005) . The apoptosis-associated JNK expression observed here appears to be related to this relationship between Dpp signaling and JNK activity. However, we note that the JNK activity we observe in the PE seems to arise prior to the appearance of cell death, while the activity in the DP is observed only in large clusters of apoptotic cells, suggesting it is a late effect. JNK has been observed to be both upstream and downstream of cell death genes in Drosophila MCEWEN AND PEIFER 2005; FAN AND BERGMANN 2008; IGAKI 2009) .
Imaginal disc cells are polarized, with their basal ends closely apposed to an extracellular matrix, and their apical ends facing the lumen between the peripodial epithelium and the disc proper. A corollary of the observation that Dpp made in the PE plays a direct role in supporting cell viability in the disc proper is that the Dpp should be secreted or transported from the apical side of peripodial cells in order to cross the lumen and affect asyet-unknown targets in the disc proper. Developmental defects caused by loss of signaling from the PE to the DP by Hh, Wg, and Dpp have been reported for both the eyeantennal disc and the wing disc (CHO et al. 2000; GIBSON AND SCHUBIGER 2001; GIBSON et al. 2002; PALLAVI AND SHASHIDHARA 2005; PAUL et al. 2013 ), but the mechanism by which peripodial growth factors access the DP is unknown. Several models exist for how these growth factors traverse the extracellular space. They could be secreted: Dpp protein has been detected by antibody in the disc lumen, as has another protein thought to interact with Dpp (GIBSON et al. 2002; SZUPERAK et al. 2011) . Apical secretion of Hedgehog from the PE has also been reported in imaginal discs (GALLET et al. 2006) . Alternatively, several forms of cellular extensions have been reported between the PE and the DP, some of which contain the BMP Type 1 receptor, Tkv (CHO et al. 2000; GIBSON AND SCHUBIGER 2000; HSIUNG et al. 2005; DEMONTIS AND DAHMANN 2007) . Such cellular extensions could provide facilitated transport of Dpp ligand or Dpp signal from the apical surface of the PE to the DP.
Our ability to mechanistically separate the two aspects of the dpp s-hc mutant phenotype strongly suggests that the single source of Dpp made in the lateral peripodial epithelium serves distinct functions in the two epithelial layers, both of which contribute to the final form of the adult ventral head. This implies that both long (PE to DP) and short (PE to PE) range signaling are used by the same cells, in order to achieve the functions of Dpp controlled by the dpp hc enhancer. Mechanisms must exist to correctly partition peripodial Dpp to these two tissue layers. We speculate that this may be why the dpp head capsule mutant phenotype is so exquisitely sensitive to Dpp pathway signaling strength. The complex role of this peripodial source of Dpp, as demonstrated in this paper, and the other sources and roles of Dpp known to exist in the eye-antennal disc, all contributing to Drosophila head development, suggest that spatially distinct aspects of Dpp expression are functionally segregated to coordinate growth and morphogenesis.
